2
• The altitude-latitude map of Jupiter's ammonia reveals unexpected evidence of 23 large-scale circulation down at least to the 50-bar level. 24
• A narrow equatorial band is the only region connecting the ammonia-rich 25 atmosphere below 50 bars to the precipitating clouds at 0.7 bars. 26
• The connection from the belts and zones at higher latitudes to the reservoirs of 27 heat and ammonia below 50 bars, remains uncertain. 28
Introduction 46
pressures of a few hundred bars by measuring thermal radiation at wavelengths from 1-50 49 cm [Bolton et al., 2017; Janssen et al., 2017] . Thus it probes below the weather layer, 50 which is the part of the atmosphere influenced by clouds and precipitation. 51
Thermochemical models [Atreya and Wong, 2005] put the ammonia cloud base at about 52 0.7 bars and the water cloud base in the 5-10 bar range depending on the water 53 abundance. Models of evaporating rain [Seifert, 2008] extend the pressure range by a 54 factor up to 1.5. The tops of the ammonia clouds are at pressures of a few hundred mbar. 55
The total thickness of the weather layer is less than 0.2% the radius of the planet. 56
57
Absorption of sunlight and emission of infrared takes place mostly in the weather 58 layer [Sromovsky et al., 1998 ]. The absorbed sunlight falls off nearly as the cosine of 59 latitude. The emitted infrared is essentially uniform on a global scale, although it varies 60 slightly on the scale of the belts and zones-the half-dozen cloud bands and associated jet 61 streams in each hemisphere that circle the planet at constant latitude [Pirraglia et al., 62 The Galileo probe carried instruments to measure temperature, pressure, 68 composition, clouds, radiant flux, lightning, and energetic particles [Young, 2003 ], but it 69 did so only at one place on the planet and only down to a pressure of 22 bars. The MWR 70 scans pole-to-pole at six wavelengths with a footprint size at the equator of 0.5° in 71 latitude. At microwave frequencies, ammonia vapor is the main opacity source, and the 72 results reported here are based on the molar (or volume) mixing ratio of ammonia in ppm 73 as a function of latitude and altitude. The MWR also measures the global water 74 abundance, which is the subject of another paper. Figure 1 shows the MWR scans on two 75 separate orbits. These are the nadir brightness temperatures, as if the spacecraft were 76 looking straight down at the planet. Although the scans were taken 90° apart in longitude 77 and 106 days apart in time, they are almost identical. This illustrates the steadiness and 78 axisymmetry of Jupiter's atmosphere and the high stability of the instrument. 79 and 4 cover ammonia, belts and zones, and the angular momentum budget, respectively. 95
In each section we summarize earlier measurements and we describe how the MWR data 96 fit in. Section 5 summarizes our conclusions and reviews the unanswered questions. because the equator-to-pole temperature gradient dominates the mixing ratio in ppm. Onno "rain" to close the ammonia budget. We calculate, using formulas in Seifert [2008] , 129 that solid spheres of ammonia with diameters 1 mm and 5 mm would evaporate 130 completely before they reach pressures of 1 bar and 1.5 bar, respectively. These depths 131 are probably an overestimate, because the falling particles are likely to be ammonia 132 snowflakes rather than solid spheres. Below these levels, ammonia vapor is a conserved EZ has a lower mixing ratio than the air inside. The second possibility says that the 147 downdrafts have a higher mixing ratio than the updrafts. This conclusion is independent 148 of the respective areas of the updrafts and downdrafts. 149
To escape detection in Figure 2 , the downdrafts either have to be at latitudes 151 greater than ±40° or embedded in the EZ and invisible to the MWR. The first possibility 152 would require a giant Hadley cell transporting ammonia from the equator to the regions 153 poleward of ±40°, which seems unlikely. The second possibility requires downdrafts that 154 are denser than the average for fluid parcels in the EZ. Evaporating precipitation might 155 densify the air in two ways, by cooling and by mass loading [Guillot, 1995; Li and 156 Ingersoll, 2015] . Since ammonia has a higher molecular mass than the dry atmosphere, 157 and the ammonia-rich air has been cooled by evaporation, parcels of air below the cloud 158 base would be denser than air in the updrafts, and would sink. If the effect of cooling 159
were greater than that of mass loading, the downdrafts would be nearly invisible in 160 Here f = 2Ωsinϕ is the Coriolis parameter, Ω is the planetary rotation rate, ϕ is latitude, u 202 is the mean eastward velocity, R is the gas constant for the hydrogen-helium atmosphere, 203 and y is the northward coordinate measured from the equator [Holton and Hakim, 2013] . Friction with the boundary would produce an Ekman layer [Holton and Hakim, 2013] , 282 leading to horizontal convergence and upwelling at places where the overlying flow is 283 cyclonic, as it is in the belts. Whether interior processes can mimic a solid lower 284 boundary is a difficult subject. We touch on it briefly at the end of section 4.
The existence of a dry layer centered at 6 bars and extending out to ±40° raises 287 the question of how the internal heat reaches the surface at higher latitudes. One might 288 think that the answer involves water and moist convection [Showman and de Pater, 2005] 
{ } X eddy flux terms in (5) become minus the divergence with respect to y and z, respectively. 329
The result is 330 
The advantage of this form is that q' is the eddy part of q, the potential vorticity (PV), and 360 PV is a conserved quantity. As with other tracers, one might expect it to diffuse down its 361 own mean gradient. Thus 362 v'q' = −K e q y = − fv * where q y = β − u yy −ρ 0
Here q y is the zonal mean PV gradient [Andrews et al., 1987] , K e is the eddy diffusivity, 364 β = ∂f / ∂y, and N 2 = gθ z / θ is the buoyancy frequency squared. 
